DPP4 inhibitors suppressed HCC development through the activated infiltration of lymphocytes into the xenograft tumors or liver tumors in mice. This effect was exerted by preventing the biologically active form of CXCL10 from being truncated by DPP4 activity.
H epatocellular carcinoma (HCC) is the third greatest cause of cancer-related death in the world. A recent study from the United States found that although the overall rate of increasing HCC incidence has slowed from 2010 through 2012, the incidence rate is still increasing in subgroups such as men aged from 55 to 64 years, especially those born during the peak era of hepatitis C virus (HCV) infection. 1 HCV infection has been a leading cause of HCC for the past several decades. However, the incidence of HCVassociated HCC is expected to decrease because of the high rate of HCV eradication via the rapid dissemination and use of direct-acting antivirals.
Alternatively, diabetes mellitus (DM), obesity, and nonalcoholic fatty liver disease (NAFLD) have recently emerged as new risk factors for HCC 2 ; in particular, DM is a risk factor even after the successful treatment of chronic hepatitis C. 3, 4 The American Diabetes Association and the American Cancer Society jointly published a consensus report on the association between DM and cancer, 5 which was followed by a similar consensus report published by the joint committee of the Japan Diabetes Society and the Japanese Cancer Association. 6 Notably, the relative risk of liver cancer development was highest among several cancer types in patients with DM. 6 There is increasing interest in whether antidiabetic drugs have protective or promotive effects on HCC development and/or progression in these situations. Metformin has been shown to have protective effects on HCC development. 7 However, although a metaanalysis of animal model studies showed that metformin significantly inhibited the growth of HCC, 8 whether metformin has antitumor effects in patients with HCC remains to be elucidated. In clinical settings where no approved drugs for advanced HCC exist except for sorafenib and regorafenib, oral multikinase inhibitors, it is worth investigating antidiabetic drugs that have antitumor effects in HCC patients with DM.
Dipeptidyl peptidase 4 (DPP4) inhibitors were introduced in 2006 for the treatment of DM and are currently being used by more than 30 million people as antidiabetic medications, which highlights the safety profile of these drugs. 9 There is still a lack of both basic and clinical investigations into whether DPP4 inhibitors have antitumor effects against HCC, probably because of the short time since their introduction into clinical settings. DPP4 is found as both a type II cell surface protein (CD26) and as a soluble protein lacking intracellular and transmembrane domains. 10 DPP4 functions as a serine protease, selectively cleaving the N-terminal penultimate proline or alanine of proteins. 11, 12 The prevailing and clinically relevant action of DPP4 is the degradation of endogenous glucagon-like peptide-1. On the other hand, the expression of CD26, also known as DPP4, in tumors has been shown to be correlated with clinicopathologic features such as tumor staging, degree of differentiation, and prognosis in patients with colorectal cancer. 13 Although CD26 is expressed in HCC tissues as well, 14 its clinical significance is obscure.
Several chemokines have been shown to be processed in vitro by DPP4. 15 Particularly, the proinflammatory chemokine CXCL10 has been found to fail to induce immune cell chemotaxis when truncated in vitro. 15 These results suggest that DPP4 inhibitors may have the potential to exert antitumor effects against HCC by modulating tumor immunity. Here we investigated whether DPP4 inhibitors have antitumor effects against HCC and the potential underlying mechanisms by using a mouse xenograft model of HCC and a nonalcoholic steatohepatitis (NASH)-related HCC mouse model. We found that DPP4 inhibitors prevented CXCL10 from being truncated by DPP4 activity and suppressed the growth of HCC tumors through the activation of natural killer (NK) cell and T-cell chemotaxis and the inhibition of tumor angiogenesis.
Results

CD26 Expression and Lymphocyte Infiltration in Tumor Tissue and Serum Dipeptidyl Peptidase 4 Activity of Hepatocellular Carcinoma Patients
The etiology of the 41 HCC patients was HCV infection in 21 patients, hepatitis B virus infection in 11, alcoholic in 6, and unknown in 3. Immunohistologic staining for CD26 showed various degrees of expression of positive cells in HCC tissues, as shown in Figure 2A . We divided the 41 patients into 2 groups according to the degree of CD26þ cell expression as follows: the low CD26 expression group (À or þ in Figure 2A , n ¼ 15), with less than 33% of CD26þ cells, and the high CD26 expression group (þþ or þþþ in Figure 2A , n ¼ 26), with greater than or equal to 33% of CD26þ cells. The high CD26 expression group showed higher alpha-fetoprotein levels, more advanced tumor stages, poorer histologic differentiation, more tumor cell infiltration into the tumor capsule, and more cell proliferation, as indicated by the Ki67 labeling index ( Table 1) . The cumulative recurrence rate of HCC was higher and the overall survival was shorter in the high CD26 expression group (P ¼ .058, Figure 2B and C); however, neither difference was significant. Serum DPP4 activity was significantly higher in the high CD26 expression group (P < .05, Figure 2D ). In addition, serum DPP4 activity significantly decreased after HCC resection (P ¼ .01, Figure 2E ). The number of infiltrated NK cells (CD56þ) and T cells (CD3gþ) was significantly smaller in the high CD26 expression group (P < .05, Figure 2F and G). These results suggested that higher CD26 expression was associated with a more advanced tumor stage, poorer prognosis, and less tumor immunity in HCC patients and that CD26 expression in HCC tissues was reflected, in part, by serum DPP4 activity, although CD26 is expressed in many tissues other than the liver. 16 
Effects of Dipeptidyl Peptidase 4 Inhibitors on Liver Cancer Cell Lines Expressing CD26
The results indicating that high HCC tissue CD26 expression was associated with a poorer prognosis and higher serum DPP4 activity suggested the potential of DPP4 as a therapeutic target for HCC. Therefore, we investigated whether DPP4 inhibitors exert antitumor effects against HCC. We confirmed the expression of CD26 in both the Huh-7 and Li-7 cell lines. The DPP4 inhibitors anagliptin and vildagliptin did not affect the expression of CD26 ( Figure 3A-D) , but they did suppress DPP4 activity in Huh-7 and Li-7 cells in a dose-dependent manner ( Figure 3E-H) . Anagliptin and vildagliptin did not affect Huh-7 and Li-7cell proliferation ( Figure 3I -L). Anagliptin was also examined for effects on the cell cycle in Huh-7 cells, and the results showed that it did not affect the cell cycle ( Figure 4A ) or molecules regulating the transition from the G1 to the S phase, such as p21, p27kip1, pCDK2, and pRb ( Figure 4B ).
Effects of Dipeptidyl Peptidase 4 Inhibitors on Xenograft Liver Tumors in Nude Mice
Although the DPP4 inhibitors did not affect cell proliferation or the cell cycle in vitro, anagliptin suppressed the growth of xenograft liver tumors in a dose-dependent manner ( Figure 4C for Huh-7 cells, Figure 4D for Li-7 cells). Vildagliptin also suppressed the growth of xenograft liver tumors and did so to the same degree as anagliptin ( Figure 4E ). The DPP4 inhibitors did not affect the expression of CD26 in the xenograft tumors ( Figure 5A ) but did inhibit serum and tumor DPP4 activity in a dose-dependent manner ( Figure 5B and C) at 21 days after the initiation of feeding. Daily diet consumption and body weight changes did not differ among the mice with Huh-7 or Li-7 cell xenografts fed the control diet and those fed an anagliptincontaining diet ( Figure 5D and E for Huh-7 cells, Figure 5F and G for Li-7 cells). The levels of glucose, insulin, triglyceride, total cholesterol, and low-density lipoprotein cholesterol after fasting were similar among the 4 groups (the control, low anagliptin dose, high anagliptin dose, and high vildagliptin dose diets) at 21 days after the initiation of feeding (Table 2) . We also compared the glucose tolerance of the xenograft mice fed the control diet and those fed an anagliptin-containing diet. The blood glucose levels and glucose areas under the curve between 0 and 120 minutes (area under the curve glucose 0-120 minutes) after the administration of 10 mL/g of body weight of a 15% glucose solution were similar among the 4 groups ( Figure 5H and I).
Effect of Anagliptin on Natural Killer Cell Infiltration Into Xenograft Liver Tumors
Nude mice lacking a thymus are unable to produce T cells but are able to produce NK cells. 17 Because NK cells exhibit antitumor effects, we examined whether NK cells are associated with the effects of DPP4 inhibitors against xenograft liver tumors. Anagliptin significantly increased activated NK cell (NKp46þ) infiltration into xenograft liver tumors in a dose-dependent manner ( Figure 6A ). In addition, the areas of activated NK cell infiltration almost completely coincided with necrotic areas of the xenograft liver tumors ( Figure 6B ). These results suggested that NK cells potentially play an important role in the effect of DPP4 inhibitors against xenograft liver tumors.
Effect of Sitagliptin on Tumor Development and Natural Killer Cell and T-Cell Infiltration in a Nonalcoholic Steatohepatitis-Related Hepatocellular Carcinoma Mouse Model
Nude mice are immunodeficient. Xenograft liver tumors in these mice may be insufficient to explore NK cell-mediated tumor biology because liver is a NK cell-rich organ. To overcome these weaknesses, we used a NASHrelated HCC mouse model. STAM mice showed multiple large tumors in the liver at 18 weeks of age, but DPP4 inhibitor, sitagliptin, significantly suppressed both volume and number of liver tumors in STAM mice ( Figure 6C ). There was no significant difference in the incidence of liver tumors between STAM mice with sitagliptin (4/5, 80%) and those without (5/5, 100%). Histology of liver tumor showed increased cellular density and/or markedly thickened trabeculae, which were compatible with HCC morphology ( Figure 6D ). In addition, sitagliptin significantly increased activated NK cell (NKp46þ) ( Figure 6E ) and CD3þ T cell ( Figure 6F ) infiltration into both tumor tissue and nontumor tissue. Thus, antitumor effect of DPP4 inhibitors . NIH image analysis software was used to quantify the mean percent area positive staining for CD26 for 5 randomly selected fields of view of digital images of each liver; the mean percent area was classified as follows: -(0%-16%), þ (17%-32%), þþ (33%-66%), and þþþ (!67%). (B) Cumulative recurrence curve of patients with low CD26 expression (-or þ, n ¼ 15) and those with high CD26 expression (þþ or þþþ, n ¼ 26). P ¼ .058. (C) Overall survival of patients with low CD26 expression (-or þ, n ¼ 15) and those with high CD26 expression (þþ or þþþ, n ¼ 26). P ¼ .058. (D) Serum DPP4 activity before HCC resection in patients with low CD26 expression (-or þ, n ¼ 11) and those with high CD26 expression (þþ or þþþ, n ¼ 19). DPP4 activity was measured by using a DPP4 activity assay kit according to the manufacturer's instructions. *P < .05. (E) Serum DPP4 activity before and 1-6 months after HCC resection in 9 patients with HCC. **P ¼ .01. through activated NK cell and T-cell infiltration was confirmed in a NASH-related HCC mouse model in addition to NK cell infiltration in a xenograft mouse model, and this effect appeared to be a class effect.
Effect of Sitagliptin on Nonalcoholic
Steatohepatitis-Related Parameters in a Nonalcoholic Steatohepatitis-Related Hepatocellular Carcinoma Mouse Model DPP4 inhibitor has been shown to have antiinflammatory and anti-steatotic activity in STAM mice. 18 We examined the effects of sitagliptin on NASH-related parameters to ascertain whether those effects were involved in antitumor effect of sitagliptin in STAM mice. The results indicated that sitagliptin did not affect any biochemical and histologic NASH-related parameters (Table 3) . Why sitagliptin did not affect serum insulin level was assumed to be due to damaged pancreatic beta cells by streptozotocin treatment in this mouse model.
Natural Killer Cell Depletion Abrogates Antitumor Effects of Anagliptin
To clarify whether DPP4 inhibitors exert antitumor effects through NK cells, we assessed the effects of NK cell depletion ( Figure 7A ) on the antitumor effects of anagliptin.
NK cells among spleen leukocytes were significantly depleted by anti-ASGM1 administration in both xenograft mice fed the control diet and those fed an anagliptincontaining diet ( Figure 7B and C). Although anti-ASGM1 is known to deplete other unconventional T-cell populations such as NKT cells (CD3þCD49bþ), neither anti-ASGM1 nor anagliptin affected NKT cell population (data not shown) because of extremely low frequency of NKT cells (0.02%-0.08%) in nude mice. Notably, the reduction in xenograft tumor growth induced by anagliptin was completely abrogated by depleting NK cells ( Figure 7D ). The immunohistochemical analysis also showed that the significantly increased NK cell infiltration into xenograft liver tumors induced by anagliptin was almost completely abolished by depleting NK cells ( Figure 7E ). These results indicate that NK cells are indispensable to the antitumor effects exerted by anagliptin in mice with xenograft liver tumors.
Defective Natural Killer Cell Trafficking Abrogates Antitumor Effects of Anagliptin
To exert antitumor effects, NK cells need to be mobilized from the bone marrow and subsequently recruited from the peripheral blood into tumor tissues. NK cell accumulation in tumor tissue has been shown to be dependent on the chemokine receptor CXCR3, 19 which binds to the structurally and functionally related chemokines CXCL9, CXCL10, and ALT, alanine aminotransferase; AST, aspartate aminotransferase; g-GT, gamma-glutamyl transferase; HbA1c, glycosylated hemoglobin; HBV, hepatitis B virus; UICC; Union for International Cancer Control.
CXCL11
. 20 We inhibited the binding of CXCR3 to chemokines by using an anti-CXCR3 neutralizing antibody, and we investigated whether defective NK-cell trafficking abrogates the antitumor effects of anagliptin. Xenograft mice fed the control diet and those fed an anagliptin-containing diet were intraperitoneally injected with either the anti-CXCR3 antibody or hamster IgG (isotype control) 6 times during the course of 15 days, as shown in Figure 8A . The administration of anti-CXCR3 abrogated the reduction in xenograft tumor growth induced by anagliptin ( Figure 8B ) and abolished NK cell accumulation in xenograft liver tumors ( Figure 8C ). These results suggest that the antitumor effects of anagliptin are dependent on NK-cell migration into tumor tissue.
Antitumor Effects of Dipeptidyl Peptidase 4 Inhibitors Are Dependent on the Chemokine CXCL10
Several chemokines have been shown to be processed in vitro by DPP4, 15 which is capable of enzymatically removing the first 2 amino acids from a protein that possesses a proline or alanine in the penultimate N-terminal position.
11 Among these chemokines, the proinflammatory chemokine CXCL10 has been shown to be readily truncated 
CD26/
β-actin in vitro 15 ; this truncated form becomes an antagonist that engages its receptor, CXCR3, but does not induce chemotaxis. 21 We hypothesized that DPP4 inhibitors may exhibit antitumor effects by preserving the CXCR3-CXCL10 axis for chemotaxis via protecting the biologically active form of CXCL10. Therefore, we assessed the effects of DPP4 inhibitors on the chemotaxis of NK cells in vitro in the presence of CXCL10 by using EZ-TAXIScan (ECI Inc, Kawasaki, Japan), a cell mobility analysis device. DPP4 inhibitors (anagliptin and vildagliptin) significantly enhanced the mobility of NK cells in the presence of recombinant DPP4 and CXCL10, and these effects were canceled by the addition of anti-CXCL10 ( Figure 9A and B). To reproduce the truncation of CXCL10 by DPP4 activity in tumor cells, we cultured Huh-7 cells expressing CD26 with 10 mmol/L CXCL10 for 8 hours in the presence or absence of DPP4 inhibitors, and we then examined the mobility of NK cells and T cells by using this culture supernatant as a chemoattractant. The results showed a significant increase in the NK cell and T cell mobility induced by the DPP4 inhibitors ( Figure 9C -F). We also confirmed that the DPP4 inhibitors had no effect on the cytotoxicity of NK cells against Huh-7 cells and Li-7 cells ( Figure 10A and B) . These results suggest that DPP4 inhibitors exert antitumor effects by enhancing NK cell and T-cell chemotaxis, most likely through the protection of the biologically active form of CXCL10. For the cell number and cell cycle analyses, the intensity of the integrated DNA dye was assessed using the cell-cycle application module. (B) Expression of p21, p27kip1, pCDK2, and pRb of Huh-7 cells in each anagliptin concentration group (n ¼ 4). Immunoblots for p21, p27kip1, CDK2, and pRb were performed using Huh-7 cell lysates. Amounts of protein were normalized to b-actin. (C) Huh-7 cell xenograft tumors and growth curves in mice at 21 days after feeding in 3 groups (control diet, diet containing low dose of anagliptin [L-A] [0.7 g/kg diet], and diet containing high dose of anagliptin [H-A] [2 g/kg diet]) (n ¼ 5 for each group). *P < .05 vs L-A, **P < .01 vs L-A, # P < .05 vs H-A, ## P < .01 vs H-A. (D) Li-7 cell xenograft tumors and growth curves in mice at 21 days feeding in the same 3 groups as described in (D) (n ¼ 5 for each group). *P < .05 vs L-A, # P < .05 vs H-A, ## P < .01 vs H-A. (E) Huh-7 cell xenograft tumors and growth curves in mice at 21 days after feeding in 3 groups (control diet, diet containing high dose of anagliptin [2 g/kg diet], and diet containing high dose of vildagliptin [2 g/kg diet]) (n ¼ 5 for each group). *P < .05, **P < .01 vs anagliptin group, # P < .05, ## P < .01 vs vildagliptin group.
Dipeptidyl Peptidase 4 Inhibitors Prevent the Biologically Active Form of CXCL10 From Being Truncated by Dipeptidyl Peptidase 4
To know whether DPP4 inhibitors actually prevent the biologically active (intact) form of CXCL10 from being truncated by DPP4 and consequently enhance NK cell chemotaxis, we quantified the concentrations of intact CXCL10 (1-77) and truncated CXCL10 (3-77) by using immunoprecipitation, Edman degradation, 22 and HPLC. The proportion of truncated CXCL10 was calculated by using the following formula:
When Huh-7 cells (1Â10 5 cells/well) were incubated with various concentrations of CXCL10 for 8 hours, the Blood glucose levels at 0, 30, 60, and 120 minutes after administration of 10 mL/g of body weight of 15% glucose to Huh-7 cell xenograft mice fed the control diet, those fed the diet containing low dose of anagliptin, those fed the diet containing high dose of anagliptin, and those fed the diet containing high dose of vildagliptin (n ¼ 5 for each group). (I) Blood glucose area under the curve between 0 and 120 minutes (AUC glucose 0-120 min) after administration of 10 mL/g of body weight of 15% glucose to Huh-7 cell xenograft mice fed the control diet, those fed the diet containing low dose of anagliptin, those fed the diet containing high dose of anagliptin, and those fed the diet containing high dose of vildagliptin (n ¼ 5 for each group).
kinetic property of DPP4 expressed on Huh-7 cells was examined ( Figure 10C ). The Michaelis-Menten constant (K M ) of DPP4 was 6.3 ± 1.5 mmol/L. This was similar to the K M (4.0 ± 1.0 mmol/L) of soluble DPP4 reported by Lambeir et al, 15 suggesting the validity of our quantification for intact CXCL10 and truncated CXCL10. We next examined the inhibitory effect of DPP4 inhibitors on the truncation of CXCL10 by using the same cell culture supernatant as was used in the NK-cell mobility assay, where Huh-7 cells were cultured with CXCL10 in the absence or presence of 100 mmol/L anagliptin or vildagliptin. The DPP4 inhibitors almost completely suppressed the truncation of CXCL10, whereas approximately 60% of CXCL10 was truncated in the absence of DPP4 inhibitors ( Figure 10D ). These results clearly indicate that NK cell and T-cell chemotaxis is enhanced through the prevention of CXCL10 truncation by DPP4 inhibitors. In addition, the concentration of CXCL10 in tumor tissues was significantly greater in mice fed a diet with a high dose of anagliptin or vildagliptin than in those fed the control diet, even though this CXCL10 is referred to herein as total CXCL10 and was detected by conventional assays measuring both intact and truncated CXCL10 levels ( Figure 10E ) Finally, we determined the IC 50 values of the DPP4 inhibitors ( Figure 10F and G), which were 3.7 ± 1.9 nmol/L and 16 ± 10 nmol/L for anagliptin and vildagliptin, respectively. Of note, the IC 50 values found in this study were not so different from previously reported values (3.3 nmol/L for anagliptin and 2.5 nmol/L for vildagliptin). 23 
Effects of Dipeptidyl Peptidase 4 Inhibitors on Tumor Angiogenesis
A recent study has highlighted the ability of DPP4 inhibitors to interfere with high fat diet-induced HCC development through the inhibition of tumor angiogenesis. 24 Therefore, we examined whether DPP4 inhibitor inhibited angiogenesis in xenograft liver tumors. Anagliptin significantly suppressed CD34-positive vessel density ( Figure 11 ) in xenograft liver tumors. These results suggested that antitumor effect of DPP4 inhibitors potentially involve their ability to suppress tumor angiogenesis.
Discussion
The present study suggested that CD26 expression in HCC tissues was associated with a more advanced tumor stage, less tumor immunity, and poorer prognosis in HCC patients, and these results are consistent with the prognostic significance of CD26 in patients with colorectal cancer. 13 We also found significantly increased serum DPP4 activity in patients with high CD26 expression HCC and a decrease in serum DPP4 activity after HCC resection. These results may be explained in part by a soluble form of CD26 derived from a breakdown product of membrane CD26 on HCC cells because the soluble form of CD26 has DPP4 activity 25 and was found to be derived from cell surface CD26 in pulse-chase experiments.
26
DPP4 can cleave many chemokines and cytokines possessing a proline or alanine in the penultimate N-terminal position 11, 12 ; this cleavage influences the regulation of immune cell migration. 12 Although we chose nude mice for use in an HCC cell xenograft model, this model might be a double-edged sword in terms of investigating the in vivo effects of DPP4 inhibitors on HCC. Because nude mice can produce NK cells but not T cells, 2 they are suitable for clarifying the pure role of NK cell migration in tumor immunity against HCC but not for assessing T-cell migration or its role in tumor immunity. Considering NK cell immunity against liver tumors, another critical point is that liver is a NK cell-rich organ. In this regard we confirmed anti-tumor effect of DPP4 inhibitors through NK cell and T-cell infiltration in STAM mice liver. In addition, we used sitagliptin as a DPP4 inhibitor in this model because we wanted to know whether antitumor effect of DPP4 inhibitors is class effect. Several studies have provided evidence that high levels of tumor-infiltrating NK cells are correlated with a good prognosis and increased patient survival. 27 ,28 NK cells are particularly important for the elimination of tumors with reduced or absent MHC class I expression that evade CD8þ T cell-mediated killing. 28 Recently, genetic variants of MHC class I polypeptide-related sequence A (MICA) have been demonstrated to be associated with HCV-associated HCC. 29 MICA is a membrane protein that acts as a ligand for NKG2D expressed on NK cells to activate antitumor effects through NK cells. Thus, the role of NK cells in tumor immunity against HCC has attracted much attention.
The expression of chemokine receptors by human NK cells is a matter of debate. Among many chemokine receptors, CXCR3, CXCR4, and CX3CR1 have been reported to be expressed by 2 major human NK cell subsets (CD56 dim Mice fed diet containing high dose of anagliptin (2 g/kg diet). c Mice fed diet containing high dose of vildagliptin (2 g/kg diet).
CD16þ and CD56
bright CD16-) and unfractionated NK cells. 30 Mouse NK cells express CXCR3 as well. 19, 31 Interferon-g and the expression of CXCR3 by NK cells have been shown to be prerequisites for NK cell infiltration into tumor tissue in mice.
19 CXCR3 binds the structurally and functionally related chemokines CXCL9, CXCL10, and CXCL11. 20 On the other hand, only CXCL10 has a proline in the penultimate N-terminal position in both humans and mice, although human CXCL9 and CXCL11 have a proline in the same position. 32 The first 2 amino acids of these chemokines are enzymatically truncated by DPP4. 11 The truncated form of these chemokines becomes an antagonist that engages its receptor, CXCR3, but does not induce chemotaxis. 21 On the basis of these results from previous reports, we investigated the effects of DPP4 inhibitors on NK cell chemotaxis, focusing on the CXCR3-CXCL10 axis because we used mice for assessing NK cell accumulation in tumors and human NK cells for assessing NK cell chemotaxis. However, CXCL9 and CXCL11 have also been demonstrated to be truncated by DPP4 activity 15 ; therefore, DPP4 inhibitors may enhance NK cell chemotaxis through the CXCR3-CXCL9 and/or CXCR3-CXCL11 axis. One limitation of this study is that we did not examine the truncation of CXCL9 and/or CXCL11 by DPP4 or their restoration by DPP4 inhibitors.
Regarding the methodology presented herein, the optically accessible chemotaxis assay using the EZ-TAXIScan device should be emphasized. This chemotaxis assay enables the real-time optical observation of NK cell and T-cell chemotaxis and the quantification of cell migration during a fixed time. When Huh-7 cells (1Â10 5 The liver of STAM mice at 18 weeks of age showed multiple liver tumors, whereas the liver of STAM mice administered with sitagliptin showed significantly smaller and fewer liver tumors (n ¼ 5 for each group). *P < .05. (D) Histology of liver tumor showed increased cellular density and/or markedly thickened trabeculae, which were compatible with HCC morphology (original magnification, Â400). (E) and (F) Immunohistologic staining for NKp46 (E) or CD3 (F) in liver tumors and non-tumor liver tissue of STAM mice in 2 groups (n ¼ 5 for each group) (original magnification, Â200). NIH image analysis software was used to count the number of positive staining cells for NKp46 or CD3 for 5 randomly selected fields of view of digital images of each liver. **P < .01.
were incubated with 10 mmol/L recombinant CXCL10 in the absence of a DPP4 inhibitor, approximately 60% of the CXCL10 was truncated, whereas CXCL10 was hardly truncated in the presence of 100 mmol/L DPP4 inhibitor ( Figure 10D ). Because we used these culture supernatants in the chemotaxis assay as chemoattractants containing approximately 40% or 100% of intact CXCL10, the differences in the concentrations of intact CXCL10 as a chemoattractant were estimated to lead to differences in the cumulative number of migrated cells between lane 2 and lanes 3 or 4, as shown in Figure 9C and E, as well as differences in migration velocity and direction toward the ligands, as shown in Figure 9D and F. Although the real-time chemotaxis of NK cells could not be evaluated in the HCC xenograft model, we could assess the extent to which NK cell chemotaxis was disrupted because of the truncation of CXCL10 caused by HCC cell DPP4 activity in vitro. These results suggest a real-time relationship between CXCL10 degradation due to HCC cells and disrupted NK cell and Tcell chemotaxis.
There have been several lines of evidence indicating that truncated CXCL10 (3-77) acts as an antagonist of intact CXCL10 (1-77) in clinical settings, resulting in the inability of patients to eradicate acute 33 and chronic 34 HCV in infections most likely because of the inhibition of antiviral innate and adaptive host immunity. In addition, DPP4 inhibition has been demonstrated to enhance lymphocyte trafficking through the prevention of CXCL10 truncation, improving both naturally occurring tumor immunity and immunotherapies in mouse melanoma models. 12 Although our quantitative assay for assessing intact and truncated CXCL10 levels differs from the enzyme-linked immunosorbent assay-based Luminex assay used in previous studies, 12, 33, 34 the validity of our method was verified by the observation of DPP4 K M values and DPP4 inhibitor IC 50 values comparable with those of previous studies. 15, 23 However, the limitation of our quantitative assay was its failure to measure intact and truncated CXCL10 concentrations in vivo, because the serum concentrations of both CXCL10 forms in mice were assumed to be too low for quantification by our method. Although it remains unknown why a high DPP4 inhibitor dose significantly increased the CXCL10 concentration in xenograft liver tumors, even though this CXCL10 was referred to herein as total CXCL10 and was detected by conventional assays measuring both intact and truncated CXCL10 levels, these results are not contradictory to those showing that DPP4 inhibitors significantly increased activated NK cell infiltration into xenograft liver tumors. DPP4 inhibitors suppressed angiogenesis in xenograft liver tumors, which potentially contribute to antitumor effect of DPP4 inhibitors. We did not investigate the mechanisms underlying this effect because we focused on the enhancement of tumor immunity by DPP4 inhibitors in the present study. Chemokine ligand 2 has been shown to mediate the angiogenic effect of DPP4.
24 DPP4 inhibitors may suppress angiogenesis through inactivation of chemokine ligand 2, although further studies are required to clarify this matter.
In summary, CD26 expressed in HCC tissues contributed to increased serum DPP4 activity in HCC patients. As shown in Figure 12 , DPP4 inhibitors prevented CXCL10 from being truncated by DPP4 activity, activated NK cell and T-cell chemotaxis through preservation of the CXCR3-CXCL10 axis, and consequently suppressed the growth of xenograft liver tumors in nude mice and orthotopic HCC in STAM mice. DPP4 inhibitors also suppressed tumor angiogenesis. These results provide a rationale for verifying whether DPP4 inhibitors clinically inhibit the progression of HCC or augment the antitumor effects of molecular-targeting drugs and immunotherapies against HCC.
Materials and Methods
Patients and Clinical Liver and Serum Samples
HCC specimens were obtained from 41 patients who had undergone surgical resection for HCC at the Kawasaki Medical School Hospital between 2006 and 2014. For the assessment of DPP4 activity, serum samples were obtained from 9 patients before and 1-6 months after the operation. All patients were not prescribed DPP4 inhibitors and were followed up after the operation. The overall survival was defined as the period between the diagnosis of HCC and either death or the last visit to the outpatient clinic up to November 20, 2016 . HCC stage was classified by using the Union for International Cancer Control tumor node metastasis classification system. 35 The expression of CD26, CD56þ NK cell, CD3þ T cell, and Ki67 in tumors was determined immunohistochemically. The study protocol conformed to the 1975 Helsinki Declaration and was approved by the Institutional Research Ethics Committee (Admission No: 1694-1 and 2503-1). The need for informed consent was waived by the Research Ethics Committee because the study was retrospective, and some patients had already died. ALT, alanine aminotransferase; AST, aspartate aminotransferase; HbA1c, glycosylated hemoglobin.
Animals and Experimental Design
Eight-week-old male nude mice (BALB/c-nu/nu) received subcutaneous injections of Huh-7 or Li-7 cells. When the xenograft tumors reached a size of 100-150 mm 3 , the mice were fed a diet containing a low dose of anagliptin (0.7 g/kg diet) (donated by Sanwa Kagaku Kenkyusho), a diet containing a high dose of anagliptin (2 g/kg diet), a diet containing a high dose of vildagliptin (2 g/kg diet) (Heat Biochem, Shanghai, China), or a control diet for 15-21 days. Tumor size (V) was calculated by using the following formula: V (mm 3 ) ¼ width (mm) 2 Â length (mm) / 2. Dietary intake, body weight, and tumor size were measured every 3 days. Four to 5 mice in each group were killed at 15-21 days after the commencement of feeding by carbon dioxide asphyxiation, as approved by the Panel on Euthanasia of the American Veterinary Association. After the mice were killed, tumor tissue and blood samples were collected for the determination of biochemical parameters, CD26 expression, DPP4 activity, and NK cell infiltration. An oral glucose tolerance test was performed at 2 weeks after the commencement of feeding. Briefly, after the mice fasted overnight, 10 mL/g body weight of a 15% glucose solution was administered by gastric intubation, and blood glucose was measured at 0, 30, 60, and 120 minutes after administration. Â200) . NIH image analysis software was used to quantify the mean percent area of positive staining for NKp46 in 5 randomly selected fields of view of digital images of each liver tumor. *P < .05, **P < .01.
We also used a NASH-related HCC mouse model (STAM mouse; SMC Laboratories, Inc, Tokyo, Japan). The mice were developed as described previously. 36 Briefly, 2-day-old male C57BL/6J mice were injected with streptozotocin (200 mg/mouse) and fed a high-fat diet (HFD-32; Clea, Tokyo, Japan) from the age of 4 weeks, which was followed by development of NASH and HCC at 8 and 18 weeks of age, respectively. Eight-week-old-mice were orally administered with either sitagliptin (30 mg/kg/day) (donated by MSD K.K.) or distilled water for 10 weeks. Five mice in each group were killed, and their liver tumor size was calculated as was done for nude mice with xenograft tumors. Blood samples and tumor tissues were collected for the biochemical and histologic assessment and the determination of NK cell and T-cell infiltration. Noncancerous liver histology was assessed on the basis of NAFLD activity score. 37 The mice were bred and maintained according to the guidelines approved by the Institutional Animal Care Use Committee.
Cell Culture
Huh-7 and Li-7 hepatoma cells were obtained from the Cell Resource Center for Biomedical Research of the Institute of Development, Aging and Cancer at Tohoku University. These cells were cultured in Dulbecco modified Eagle medium containing 10% fetal bovine serum (FBS) at 37 C in a humidified atmosphere with 5% CO 2 .
Histopathologic Procedures
Tumor tissues and/or non-tumor tissues from patients and mice were fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS) or 10% buffered formalin and embedded in paraffin for histologic analysis. In addition to undergoing H&E staining, the liver sections were incubated with 1:200 dilution of a rabbit anti-CD26 monoclonal antibody (Abcam, Cambridge, MA), a rabbit anti-Ki67 polyclonal antibody (clone MIB-1; Abcam), a rabbit anti-CD3 monoclonal antibody (GeneTex, Inc, Irvine, CA), a rabbit 2 , 5, and 6) was analyzed using TAXIScan Analyzer 2 software. Median velocity and directionality values of each cell within an experimental period and the statistical data of cell migration were calculated in the same manner as described in (B). *P < .05, **P < .01. (E) CD8þ T-cell migration analyzed in the same manner as described in (C). CD8þT cells in the images (each panel in the middle line) are drawn as red dots in each panel in the third line. (F) Migration of 10 CD8þ T cells randomly selected from those in each lane (except for 6 CD8þT cells in lanes 1, 5, and 6) was analyzed using TAXIScan Analyzer 2 software. Median velocity and directionality values of each cell within an experimental period and the statistical data of cell migration were calculated in the same manner as described in (B). *P < .05, **P < .01.
anti-CD3g polyclonal antibody (Proteintech, Rosemont, IL), a rabbit anti-CD56 polyclonal antibody (Proteintech), a rabbit anti-CD34 monoclonal antibody (Abcam), and a goat anti-NKp46 antibody (R&D Systems, Minneapolis, MN) at 4 C overnight. After incubation with avidin conjugated peroxidase (Vecstatin Elite ABC; Vector Laboratories, Burlingame, CA), the tissue sections were developed in 3,3'-diaminobenzidine tetrahydrochloride (Sigma Chemical Co, St Louis, MO). National Institutes of Health image analysis software was used to quantify the mean percent area or the mean cell number of positive staining for CD26, CD3, CD3g, CD56, CD34, or NKp46 for 5 randomly selected fields of view of digital images of each xenograft tumor or liver tumor. The proportion of CD26-positive cells was classified as follows: -(0%-16%), þ (17%-32%), þþ (33%-66%), and þþþ (!67%). The labeling index for Ki67-positive nuclei was determined by a random evaluation of 1000 cells selected from several areas. Mean vascular density was determined by the mean percent area positive staining for CD34.
Measurement of Biochemical Parameters
Blood glucose levels were measured with a glucometer (Life Scan, West Chester, PA). Serum insulin levels were measured by using a mouse insulin enzyme-linked immunosorbent assay kit (Morinaga, Yokohama, Japan) according to the manufacturer's instructions. The concentrations of triglyceride, cholesterol, and low-density lipoprotein cholesterol were determined by using a SPOTCHEM EZ SP-4430 system (Arkray Inc, Kyoto, Japan).
Immunoblotting
Cells were harvested by using trypsin/ethylenediamine tetraacetic acid, washed in PBS, and resuspended in cell lysis buffer (Cell Signaling Technology, Danvers, MA) containing a 1% protease inhibitor mixture (Sigma-Aldrich, St Louis, MO) and 100 mmol/L phenylmethylsulfonyl fluoride. Tissue samples were also lysed in the same lysis buffer. Lysates of cultured cells or tumor tissues were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to polyvinylidene difluoride membranes (Pall Corporation, New York, NY) and blocked for 1 hour at room temperature with 5% bovine serum albumin and 0.1% Tween-20 in Trisbuffered saline. The samples were subsequently incubated overnight at 4 C with a rabbit anti-CD26 monoclonal antibody (Abcam), a rabbit anti-p21 monoclonal antibody (Cell Signaling Technology), a rabbit anti-p27-kip1 monoclonal antibody (Cell Signaling Technology), a rabbit anti-phospho-CDK2 (Thr 160) polyclonal antibody (Cell Signaling Technology), or a rabbit anti-phospho-Rb (Ser807/811) monoclonal antibody (Cell Signaling Technology). The transferred proteins were also blocked for 1 hour at room temperature with 5% milk and 0.1% Tween-20 in Tris-buffered saline and were subsequently incubated for 1 hour at room temperature with a rabbit anti-b-actin monoclonal antibody (Cell Signaling Technology). Immunoreactive proteins were detected by using an enhanced chemiluminescence reagent (Western Lightning Plus-ECL; Perkin-Elmer, Waltham, MA).
Dipeptidyl Peptidase 4 Activity
DPP4 activity in the serum and the lysates of cells and tumor tissues was measured by using a DPP4-activity assay kit (BioVision, San Francisco, CA) according to the manufacturer's instructions.
Cell Proliferation Analysis
Cell proliferation was measured by using a Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) assay according to the manufacturer's instructions. Briefly, 5 Â 10 3 Huh-7 and Li-7 cells were incubated with different concentrations of anagliptin or vildagliptin (0, 1, 10, 100 mmol/L) in each well of a 96-well plate for 24 hours. CCK-8 solution was then added to each well. After 2 hours of incubation, sample absorbance at 450 nm was measured by using a FLUO star OPTIMA system (BMG Labtechnologies, Offenburg, Germany). 
Cell Cycle Analysis
After 24 hours of in vitro treatment with anagliptin or vildagliptin, Huh-7 cells were fixed with 4% formalin, incubated for 30 minutes with DNA dye (Hoechst 33342), and rinsed with PBS. Plates containing the cells were scanned with an ImageXpress Micro Screening System (Molecular Devices, Tokyo, Japan). Cell phase classification was based on the fluorescence intensity of the DNA dye. For the cell number and cell cycle analyses, the intensity of the integrated DNA dye was assessed by using the cell-cycle application module (MetaXpress; Molecular Devices), as previously described. 38 
CXCL10 Concentration in Tumor Tissue
CXCL10 concentrations in xenograft tumor lysates were measured by using a mouse CXCL10 enzyme-linked immunosorbent assay kit (R&D Systems, Inc) according to the manufacturer's instructions.
Natural Killer Cell Depletion in Mice
Nude mice were intraperitoneally injected with 50 mL rabbit anti-asialo GM1 antisera (anti-ASGM1) (Wako Pure Chemicals, Osaka, Japan) or rabbit immunoglobulin (Ig) G (isotype control) 6 times during the course of 15 days. The frequency of NK cells in the spleen leukocytes was examined by staining with anti-CD49b (DX5)-PE and anti-CD3-APC (Miltenyi Biotec, Gladbach, Germany) and by using FACS flow cytometer (BD FACS Aria III; BD Biosciences, San Jose, CA). The infiltration of NK cells in the tumor tissues was immunohistochemically assessed by staining with a goat anti-NKp46 polyclonal antibody. 
Isolation of Mouse Spleen Leukocytes
The mouse spleens were processed with a cell strainer in 10 mL cold PBS containing 1% FBS. After the digested tissue was washed and centrifuged, the supernatant was discarded, and red blood cells were lysed by using an RBC Lysis Buffer (BioLegend, San Diego, CA). The purified leukocytes were subjected to flow cytometry for the quantification of NK cell frequency.
Neutralization of Chemokine Receptor CXCR3
To neutralize CXCR3 on NK cells, nude mice were intraperitoneally injected with 200 mg anti-CXCR3 antibody (Bio X cell, West Lebanon, NH) or hamster IgG (isotype control) 6 times during the course of 15 days. NK cell infiltration into tumor tissues was immunohistochemically assessed by staining with a goat anti-NKp46 polyclonal antibody.
Natural Killer Cell and T-Cell Isolation
Peripheral blood mononuclear cells (PBMCs) from 50 mL blood collected from healthy human adult volunteers were isolated by using Lymphoprep (AXIS-SHIELD, Oslo, Norway) according to the manufacturer's instructions. NK cells were isolated from purified PBMCs by using an NK cell isolation kit (Miltenyi Biotech), activated by interleukin 2, and suspended in RPMI 1640 containing 1% FBS. CD8þ T cells were similarly isolated by using a CD8þ T-cell isolation kit (Miltenyi Biotech) except for activation by interleukin 2. 
